The equilibrium phase boundary between single-bonded, threefold-coordinated polymeric forms of nitrogen, and the observed, triple-bonded diatomic phases, is predicted to occur at relatively low (50 + 15 GPa) pressure. This conclusion is based on extensive local-density-functional total-energy calculations for polymeric structures (including that of black phosphorus, and another with all gauche dihedral angles) and diatomic structures (including that of the observed high-pressure e-N2 phase). We believe the diatomic phase of nitrogen, observed up to 180 Gpa and room temperature, to be metastable at these conditions, and that such hysteresis enhances the prospects for the existence of a metastable polymeric form of nitrogen at ambient conditions. In this regard, we show that the black-phosphorus and cubic gauche polymeric forms of nitrogen would encounter signi6cant barriers along high-symmetry paths to dimerization at atmospheric pressure.
There is also considerable interest within the highpressure physics community in the possible existence of bulk polymeric phases of nitrogen. It is generally expected that the application of sufBcient pressure must eventually destroy covalent bonds in solids, and in particular lead to the dissociation of diatomic bonds in molecular solids. Such dissociation in solid iodine has been well documented, and that in solid hydrogen is the object of considerable current interest.~4 Nitrogen offers an additional complication because of the Ns triple bond, which contrasts with the single bonds present in Iz and Hs. The essential conclusion that may be drawn from previous theoretical work on high-pressure nitrogen phases is that the N=-N triple bond will be destabilized at lower pressures than the N -N single bond.~s~~That is, nitrogen should transform from its ambient diatomic form to an intermediate, still covalent, polymeric regime before losing its covalency altogether at still higher pressures. Two calculations~s~s have placed the transition to the polymeric regime at pressures below 100 GPa (100 GPa = 1 Mbar), the lower estimate being at 70 GPa.~s Subsequent diamond-anvil-cell experiments to 130 and 180 GPa, however, indicate that nitrogen remains diatomic to these pressures at room temperature, this conclusion being based on the fact that only modest changes were observed in the measured intramolecular vibron frequency. s' s It may simply be that the diatomic phase is itself metastable at these pressures, since, for example, the graphite to diamond transition in carbon must be overdriven by about a factor of 7 in pressure even at a temperature of 1000 K. On the other hand, an anomaly has been observed above 30 GPa in hot shock compressed fiuid nitrogen, 21 and has been interpreted as the occurrence of dissociation to a dense atomic phase.
This interpretation is consistent with the theoretically predicted phase transition at low temperatures.
In this paper, we present extensive ab initio pseudopotential total-energy results for both polymeric and diatomic phases of nitrogen, which not only reaKrm the previous theoretical conclusions, but suggest that an even lower pressure of 50 GPa is the more likely phase boundary above which stable nitrogen phases at low ternperature should be polymeric. This reduction follows from our identification of a polymeric form of nitrogen, characterized by all gauche dihedral angles, which has a significantly lower (0.86 eV/atom) total energy than pre- The name (abbreviation) is given for each structure, along with the space group, the magnitudes a, b, c of the unit cell vectors, the unit cell multiplicities and Wyckoff site letters, and the corresponding dimensionless internal parameters x, y, z. Hexagonal axes are used for rhombohedral R3m. The bond lengths, dihedral angles, and bond angles are specified for each structure. In terms of these, the two c positions associated with the 
The BP structure is uniquely specified by a knowledge of the five independent structural parameters aBp, bBp, cBp, yBP, and zBp. A sc-like limit for the individual double layers is obtained for (c/a)Bp = 1, (yb/a)Bp = I/v8, and zBp = 0. However, adjacent double layers appear shifted by za relative to one another in this limit, and a monoclinic path is required to actually reach the sc structure, e. g., the 4e sites of P2i/c. P, 4 so that the optimal P may, to a first approximation, be viewed as a property of the N -N bond, independent of the attached Xz group. Results of quantum chemistry calculations2 reveal common features of the energy curves E(P) as a function of the dihedral angle P: These curves tend to exhibit an absolute maximum at the cis (P = 0') conformation, absolute minima at gauche (P = +67' for NzF4 and P = +91' for N2H4) conformations, and a local minimum at the trans (P = 180') conformation. 24 The local bonding topology associated with the A7 and BP structures can also be described in terms of such dihedral angles. The A7 structure is seen in Table II Fig. 2 . The unit cell vectors defined by Table II are a=a,~x , b=b, "y, and c=c,hz. Thefour f positions associated with the primitive cell are
while the primitive cell vectors may be taken as co = (1 o o) (g 2 0) (0 0 1) .
It is evident that the chain structure is uniquely specified by a knowledge of the three lattice constants (a,h, b,h, c, h) and two internal parameters (y,h and z~).
The results of our total-energy cb initio pseudopotential calculations for the hypothetical twofold-coordinated chainlike (Cmem) phase of nitrogen are indicated in Fig. 3 Fig. 3 . First, while it has a relatively low equilibrium total energy Eo, the ch curve appears shifted to higher volumes in Fig. 3 The name is given for each structure, along with the space group, the ratios b/a and c/a of the magnitudes of the unit cell vectors, the unit cell multiplicities and Wyckoff site letters, and the corresponding dimensionless internal parameters 2:, y, z. Hexagonal axes are used for rhombohedral References 26 and 27.
(0, 0, z N ), (0, 0) z+z N ), 
where as before these expressions are to be evaluated using +d in Table III to obtain the two atoms in each molecule. Note that the c and f sites are analogues of the "spherical" and "disklike" sites, respectively, in the high-temperature cubic 6-N2 structure. The e-Nz structure is characterized by the six independent parameters, two lattice constants (a,N"c,N, ), and four internal pa-
rameters (z,N, $, N, , y,N. . .N, ).
The P-Oz structure with one N2 molecule per primitive cell corresponds to exactly the same R3rn space group and same set of site positions as the arsenic A7 structure described by Eqs. (2) -(4). The important difference is that the internal parameter zpci, = d/(2cpo, ) is small for P-Oz, and is a measure of the diatomic bond length d, in contrast to z~q~4. The diatomic P-Oz structure can clearly be continuously transformed into the polymeric A7 structure by varying the internal structural parameter z. The P-Oz structure may be viewed as closed-packed hexagonal planes of molecules, with the molecular axis aligned perpendicular to the planes stacked in the . . . [ABC] . . . sequence characteristic of the fcc structure. is In our metastability calculations of Sec. IV, we also consider the hcp analogue, i.e. , an . . . [AB] .. . stacking sequence, described in Table III as the "two-layer P-Oz" structure. We emphasize that there is no evidence for the existence of a P-Oz phase for diatomic nitrogen. However, it is useful to perform totalenergy calculations for this structure observed in oxygen at low temperatures and pressures, since the Nz and Oz molecules exhibit similar degrees of prolateness, and so the P-Oz structure is not unreasonable to consider for diatomic nitrogen. Moreover, the ab initio total-energy results presented below for the P-Oz phase of nitrogen can serve as the basis of a comparison with theoretical analyses reported earlier on this structure using similar methods. '6 Results of our ab initio pseudopotential total-energy calculations for the a-N2, e'-N2, and P-Oz phases of nitrogen are indicated in Fig. 4 
E. Polymerization of nitrogen
The calculated equations of state for the polymeric (Fig. 3) and diatomic (Fig. 4) (dotted line) gives an e-Nq -+ cg-N transition pressure of 33 Gpa, whereas substitution of the semiempirical result for e-N2 increases the pressure to 50 GPa. i5 icantly higher pressure than predicted. We believe our stated uncertainties to be realistic, and the focus of the discussion in this subsection is our determination of these values.
We begin by making a quantitative comparison of the present calculations with other relevant local-density-(LD) functional results for nitrogen. Our LD total energy for the isolated nitrogen pseudoatom ELD is given in Table IV, Turning to the consequence of these various errors on the transition pressure, we note first that the ID prediction (the common tangent sketched between the two solid curves in Fig. 6 ) is 33 GPa. If the diatomic result is replaced by our semiempirical e-Np equation of state (dashed curve), the transition pressure is then 50 GPa. If the separation between these two curves (solid cg-N and dashed e'-N2) is increased by a further 0.2 eV/atom, reflecting perhaps a larger error in ELsD and/or a different diatomic structure with lower energy in the vicinity of V = 8 A /atom in addition to zero-point energy corrections, 56 the transition pressure would increase to 65 GPa. In consideration of the above uncertainty analysis, we believe the most reliable value for the transition pressure to be 50 GPa, with uncertainties of about +15
GPa.
The establishment of the equilibrium phase boundary between polymeric forms of nitrogen and the observed diatomic phases at relatively low pressure is one of the central results of the present theoretical study. The essential conclusion that the N=N triple bond will be destabilized at lower pressures than the N -N single bond has also been suggested in previous theoretical work on high- pressure phases of nitrogen. van Schilfgaarde. 
APPENDIX
In this appendix, we provide a brief description of the cg~P '-Og, BP~P-O2, and A7~P-02 transformation paths used in our metastability calculations of Sec. IV, where "P'-Og" designates a distortion of the two-layer variant of P-Og indicated in Table III . These structural transformations involve the continuous distortion of one structure into another, and consequently, can be described as martensitic.
As in previous work on carbon,
we have used high-symmetry subgroups of the initial and final space groups in order to aid selection of these paths. In addition, we generally seek paths without unnecessary bond breaking, so that in dimerization of the threefold coordinated polymeric phases, one of the The A7 and P-02 structures both belong to the same R3m space group and are characterized by the same c site positions. Consequently, a trivial A7 -+ P-Oz transformation exists simply by continuously varying the values of the two lattice constants and the one internal parameter. Specifically, the transformation is described by Eqs. (2) and (3), with the three structural parameters a((), c((), and z(() varying from the A7 values at ( = 0 to the P-02 values at ( = 1. This transformation does not evolve one of the three bonds connecting each atom in the A7 structure into the diatomic bond in the P-Oz structure. Rather, the three bonds stay equal in length, with a new neighbor eventually moving closer and receiving the diatomic bond. 
